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Recent studies on the occurrence of (per)chlorate-reducing bacteria have resulted in the
characterization of strains capable of dissimilatory (per)chlorate reduction. Phylogenetic analysis
has shown that these bacteria are members of the Proteobacteria. Strains have been isolated
from polluted and pristine sites, but only strains from polluted sites have been characterized in detail
and deposited in culture collections. Herein we describe the isolation and characterization of
perchlorate-reducing bacterium strain MA-1T and chlorate-reducing bacterium strain ASK-1,
respectively isolated from a pristine and a chlorate-polluted site. Both isolates are members
of the Proteobacteria. The 16S rRNA gene sequence similarity of MA-1T to Dechloromonas agitata
DSM 13637T is 97?6 %, but the relatedness in DNA–DNA reassociation is only 37 %.
Therefore, we propose to classify strain MA-1T (=DSM 15637T=ATCC BAA-776T) as the type
strain of a novel species, Dechloromonas hortensis sp. nov. Strain ASK-1 and a previously
described strain GR-1 show 100 and 99 % 16S rRNA gene sequence similarity to Pseudomonas
chloritidismutans DSM 13592T and Dechlorosoma suillum DSM 13638T, respectively.
DNA–DNA hybridization studies indicated that strains ASK-1 and GR-1 are related at the
species level toP. chloritidismutansDSM 13592T (79 %) andDechlorosoma suillumDSM 13638T
(85 %), respectively. As suggested previously, Dechlorosoma suillum appears to be a later
heterotypic synonym ofAzospira oryzae. Although strain ASK-1 is identified asP. chloritidismutans,
its morphology and growth requirements are different from those of the type strain.
The occurrence of perchlorate and chlorate in natural
environments is due mainly to human activities. Chlorate is
used as a herbicide, as a catalyst in matches and for onsite
production of chlorine dioxide (ClO2), a bleaching agent
employed in the paper and pulp industries. Perchlorate is used
as rocket propellant in the defence and aerospace industries. In
the United States, discharge of perchlorate-containing waste
streams has been identified as the major source of perch-
lorate contamination in drinking water supplies (Renner,
1998; US Environmental Protection Agency, 2000). Chlo-
rate and perchlorate are highly soluble and chemically
stable under environmental conditions (Urbansky, 2002).
Remediation strategies by chemical reduction or by adsorp-
tion to activated carbon are either too slow or incomplete
(Urbansky, 1998). Recent research has shown that bio-
remediation may be the most economically feasible, fastest
and easiest means of treating (per)chlorate-contaminated
sites and water sources (Coates & Achenbach, 2004).
(Per)chlorate-reducing bacteria are able to perform a
The GenBank/EMBL/DDBJ accession numbers of the 16S rRNA
gene sequences of strains ASK-1, MA-1 and GR-1 are AY277620,
AY277621 and AY277622.
Photographs of colonies and cell extracts of P. chloritidismutans and
strain ASK-1 and a transmission electron micrograph of cells of strain
GR-1 are available as supplementary material in IJSEM Online.
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complete reduction of (per)chlorate to chloride using
various carbon compounds or hydrogen as electron donor.
(Per)chlorate is reduced to chlorite by a (per)chlorate
reductase [EC 1.97.1.1] (Kengen et al., 1999) and subse-
quently chlorite is converted to chloride and oxygen by a
chlorite dismutase [EC 1.13.11.49] (van Ginkel et al., 1996).
(Per)chlorate-reducing bacteria are widespread in nature
(van Ginkel et al., 1995; Coates et al., 1999; Wu et al., 2001)
and have been isolated from chlorate- and perchlorate-
contaminated sites. For example, ‘Acinetobacter thermo-
toleranticus’ was isolated from a match-factory waste stream
(Stepanyuk et al., 1992). Previous studies on the ubiquity
and diversity of (per)chlorate-reducing bacteria resulted in
the description of Dechloromonas andDechlorosoma species;
to date, these appear to be the dominant (per)chlorate-
reducing bacteria in the environment (Coates et al., 1999).
(Per)chlorate-reducing activity has been observed not only
in chlorate- or perchlorate-polluted samples, but also in
pristine sediments and soils (van Ginkel et al., 1995; Coates
et al., 1999; Wu et al., 2001). However, no isolate from a
pristine setting has been characterized or deposited in cul-
ture collections. Here, we describe two novel strains, MA-1T
and ASK-1, isolated, respectively, from garden soil and the
sludge of a bioreactor treating a bromate-/chlorate-polluted
waste stream. We also performed phylogenetic analysis on a
third, previously described strain, strain GR-1 (Rikken et al.,
1996). Strain GR-1 was included here because it represents
one of the best studied (per)chlorate-reducing bacteria,
especially concerning the biochemistry of the reduction pro-
cess. However, a taxonomic description was as yet lacking.
Enrichment and cultivation of strains MA-1T and ASK-1
were performed in anoxic medium as described previously
for Pseudomonas chloritidismutans DSM 13592T (Wolterink
et al., 2002) with the following modifications: The gas phase
used was N2/CO2 (80 : 20) and, instead of 0?5 g Na2S, 0?2 g
Na2SO4 was used as a sulfur source (Wolterink et al., 2002).
For the isolation of both strains, chlorate (10 mM) and
acetate (10 mM) were used as electron acceptor and elec-
tron donor, respectively. Batch cultures were incubated
in the dark at 30 uC, pH 7?2, on an orbital shaker set at
100 r.p.m. For enrichment and isolation of strain ASK-1,
sludge was taken from an anaerobic bioreactor treating
chlorate-/bromate-polluted wastewater. Samples from this
sludge were also used to isolate P. chloritidismutans DSM
13592T (Wolterink et al., 2002). Pure cultures of strain ASK-
1 were obtained following repeated application of the roll-
tube dilution method (Hungate, 1969). To isolate strain
MA-1T, approximately 2 g garden soil was added to 40 ml
of the medium described above. Strain MA-1T was isolated
to purity on aerobically incubated nutrient agar plates.
Enrichment cultures were monitored for chlorate reduction
by analysing the growth medium by HPLC as described
previously (Scholten & Stams, 1995). Oxygen levels were
measured by GC as described by Stams et al. (1993).
Substrates were added from 0?8 M stock solutions to give
final concentrations of 10 mM.Use of the following electron
donors (10 mM) was evaluated with chlorate (10 mM) as
electron acceptor: acetate, propionate, glucose, maltose,
mannitol, malate, lactate, arabinose, hydrogen, glycine, gly-
cerol, formate, gluconate, ethanol, starch, citrate and suc-
cinate. The following electron acceptors (10 mM) were
tested with acetate (10 mM) as electron donor: perchlorate,
chlorate, chlorite, nitrate, bromate, sulfate and oxygen. All
anions were supplied as sodium salts. For strain MA-1T,
Fe3+ reduction to Fe2+ [Fe3+ applied as iron(III) citrate]
was monitored spectrophotometrically at 562 nm using
the ferrozine assay described by Lovley & Phillips (1987).
Different medium pH values were obtained by changing the
CO2 concentration appropriately in the gas phase, calcu-
lated using the Henderson–Hasselbach equation (Wolterink
et al., 2002). Growth was followed at the following tem-
peratures: 10, 20, 30, 37 and 50 uC. Strain GR-1 (=DSM
11199) was grown in a medium described before (Rikken
et al., 1996) with modifications described by Kengen et al.
(1999), P. chloritidismutans DSM 13592T was grown in the
medium described by Wolterink et al. (2002) and Pseudo-
monas stutzeri DSM 50227 was grown in the medium
described by Matsubara et al. (1982) as modified by Coyle
et al. (1985). Gram-type was determined by Gram staining
using the protocol described by Plugge et al. (2000).
Almost full-length (approx. 95%) 16S rRNA gene sequences
for strains ASK-1, MA-1T and GR-1 were determined at the
DSMZ by direct sequencing of PCR-amplified 16S rRNA
genes as described by Rainey et al. (1996). 16S rRNA gene
sequences were analysed using ARB software (Ludwig &
Strunk, 1996). 16S rRNA gene sequences of the three strains
were compared to the following type strains: P. chloriti-
dismutans DSM 13592T (GenBank accession no. AY017341),
Dechloromonas agitata DSM 13637T (AF047462) and
Azospira oryzae LMG 9096T (AF011347). Also, P. stutzeri
DSM 50227 (GenBank accession no. U26415), closely
related to P. chloritidismutans DSM 13592T (Wolterink
et al., 2002), and Dechlorosoma suillum DSM 13638T
(AF170348), closely related to Azospira oryzae LMG
9096T, were used for 16S rRNA gene sequence comparison.
Genomic DNA was isolated by chromatography on hydroxy-
apatite after the method of Cashion et al. (1977). DNA–
DNA hybridization between strain GR-1 and Dechlorosoma
suillum DSM 13638T, strain MA-1T and Dechloromonas
agitata DSM 13637T and strain ASK-1 and P. chloritidismu-
tans DSM 13592T was carried out as described by De Ley
et al. (1970), as modified by Huß et al. (1983) and Escara &
Hutton (1980). Renaturation rates were computed with the
TRANSFER.BAS program (Jahnke, 1992). The G+C content of
strain MA-1T was determined using the HPLC method
described by Mesbah et al. (1989); unmethylated lambda
DNA (Sigma) was used as the standard. DNA–DNA hybrid-
ization studies as well as G+C analyses were conducted at
the DSMZ.
Cell extracts were prepared in an anaerobic glovebox con-
taining H2/N2 (4 : 96) gas (Wolterink et al., 2002). Oxyanion
reductase activities were determined spectrophotometrically,
2064 International Journal of Systematic and Evolutionary Microbiology 55
A. Wolterink and others
as described previously by Kengen et al. (1999), by moni-
toring the oxidation of reduced methyl viologen at 578 nm
and 30 uC. Chlorite dismutase activity was determined as
described by Wolterink et al. (2002), by measuring O2
production with a Clark-type oxygen electrode (Yellow
Springs Instruments). We define 1 U activity as the amount
of enzyme required to convert 1 mmol chlorite (or chlorate,
bromate, nitrate) min21. The protein content of the cell
extracts was determined according to the method of
Bradford (1976) with BSA as the standard.
Cells of strain GR-1 were prepared for electron micro-
scopy by fixation in 4% formaldehyde in 0?01 M PBS
(pH 7?6). Cells were subsequently washed, dispersed in
PBS and adsorbed to glow-discharged, carbon-stabilized,
Formvar-coated nickel grids, negatively stained using 2?0%
ammonium molybdate (pH 5?1) or 2?0% potassium phos-
photungstate (pH 6?0), and analysed in a Philips TECNAI
12 electron microscope at an operating voltage of 80 kV.
Images were digitally stored and analysed using analySIS
(Soft-imaging software). Images were printed after grey-
value modification.
Strain ASK-1
The 16S rRNA gene sequence of strain ASK-1 was 100%
similar to those of P. chloritidismutans DSM 13592T and P.
stutzeri DSM 50227 (Wolterink et al., 2002). DNA–DNA
hybridization between strain ASK-1 and P. chloritidismutans
DSM 13592T showed 79% relatedness. To differentiate two
species, DNA–DNA similarity should be less than 60–70%
(Stackebrandt & Goebel, 1994). Therefore, strain ASK-1 is
identified as a strain of P. chloritidismutans. Both bacteria
are chlorate-reducing bacteria that can only grow with
oxygen and chlorate as electron acceptors. Details of utiliza-
tion of electron donors and acceptors are available in
Table 1. Apparently, respiration with chlorate is the only
energy-yielding process under anaerobic conditions. The
observed doubling times for P. chloritidismutans DSM
13592T and strain ASK-1 were respectively 1?5 and 10?6 h
when chlorate and acetate were used as electron acceptor
and electron donor. Respiration with chlorate is reflected
in the observed chlorate reductase activity in cell-free
extracts of ASK-1 (6?1 U mg21). Bromate reductase activity
(4?5 U mg21) was also found, although no growth was
observed on this compound. No reductase activity was
found for ClO{4 , NO
{
3 or SO
2{
4 . Similar results have been
obtained for P. chloritidismutansDSM 13592T, with chlorate
and bromate reductase activities of 9?0 and 8?6 U mg21,
respectively (Wolterink et al., 2002). Despite the phyloge-
netic and physiological similarities, a morphological differ-
ence was seen when chlorate-grown cells were plated under
aerobic conditions on nutrient agar plates. P. chloritidismu-
tans DSM 13592T formed yellow–brown circular colonies
and strain ASK-1 formed white circular colonies. Remark-
ably, a cell extract of chlorate-grown cells of P. chloriti-
dismutans DSM 13592T (grown in strictly anaerobic
medium) had a red–brownish colour, whereas a cell extract
of chlorate-grown cells of strain ASK-1 (grown in anoxic
medium) was white. This colour difference of chlorate-
grown cells is most likely a result of the level of haem-
containing chlorite dismutase in cell extracts, which was
found to be respectively 134 and 6?3 U mg21 for P. chlori-
tidismutans and strain ASK-1. Pictures of these colonies
and cell extracts are available as Supplementary Fig. S1 in
IJSEM Online. The strain has been deposited as P. chloriti-
dismutans strain ASK-1 (=DSM 15671=ATCC BAA-775).
Strain GR-1
Strain GR-1 (=DSM 11199) was one of the first dissim-
ilatory perchlorate-reducing bacteria to be described
(Rikken et al., 1996); moreover, the (per)chlorate reductase
Table 1. Electron donor and acceptor usage of the chlorate-reducing bacterium strain ASK-1, P. chloritidismutans DSM
13592T and the perchlorate-reducing bacterium strain GR-1
For strain ASK-1, tests were performed in this study by measuring the electron acceptor concentration by HPLC. Data for P. chloritidismu-
tans DSM 13592T were taken from Wolterink et al. (2002) and those for strain GR-1 were taken from Rikken et al. (1996).
Donor/acceptor Strain ASK-1 P. chloritidismutans DSM 13592T Strain GR-1
Electron donors
Utilized Acetate, glycerol, glycine,
gluconate, glucose,
mannitol, propionate
Acetate, propionate, glucose, maltose,
gluconate, mannitol, ethanol, starch,
glycerol, citrate
Acetate, propionate, caprionate,
malate, succinate
Not utilized Arabinose, citrate, ethanol,
lactate, malate, maltose,
starch, succinate
Malate, succinate, lactate, glycine,
arabinose, H2
Glycine, formate, glycolate, citrate,
glucose, arabinose, mannose,
mannitol, maltose, gluconate,
N-acetylglucosamine, adipate,
phenylacetate
Electron acceptors
Utilized ClO{3 , O2 ClO
{
3 , O2 ClO
{
3 , O2, ClO
{
4 , NO
{
3 , Mn(IV)
Not utilized ClO{4 , NO
{
3 , BrO
{
3 , SO
2{
4 ClO
{
4 , NO
{
3 , BrO
{
3 , SO
2{
4 BrO
{
3 , SO
2{
4 , IO
{
4 , SeO
2{
4 , Fe(III)
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and chlorite dismutase proteins were first purified and
characterized from this strain. However, a complete
taxonomic characterization of this perchlorate-reducing
bacterium has not yet been done. Our data indicate that the
16S rRNA gene sequence of strain GR-1 is 99% similar
to that of Dechlorosoma suillum DSM 13638T. DNA–DNA
hybridization between these two strains revealed 85%
relatedness, indicating that strain GR-1 must be identified
as Dechlorosoma suillum. Interestingly, the 16S rRNA gene
sequences of Dechlorosoma suillum DSM 13638T (GenBank
accession no. AF170348) and A. oryzae LMG 9096T
(AF011347) are very similar (99?9%), although the
sequence of A. oryzae LMG 9096T was not included in the
description of Dechlorosoma suillum (Achenbach et al.,
2001). The 16S rRNA gene sequence ofA. oryzae LMG 9096T
was already available in 1995 (Hurek & Reinhold-Hurek,
1995), and the name A. oryzae was validly published in 2000
(Reinhold-Hurek & Hurek, 2000). The DNA–DNA hybri-
dization level of 90% between Dechlorosoma suillum DSM
13638T and A. oryzae LMG 9096T is well above the suggested
limit for species identity, supporting the conclusion of Tan
& Reinhold-Hurek (2003) that Dechlorosoma suillum is a
later heterotypic synonym of A. oryzae. Hence, we propose
that strain GR-1 should be classified as a strain of A. oryzae.
A. oryzae LMG 9096T and Dechlorosoma suillum DSM
13638T share many phenotypic characteristics, including
carbon source utilization preferences. Both bacteria are
able to fix N2, which is a distinguishing feature of A. oryzae
LMG 9096T. A nifH homologue has been detected in both
strains, and Tan & Reinhold-Hurek (2003) observed that
both can reduce acetylene (C2H2) to ethylene (C2H4), which
confirms that the nifH gene is functional and nitrogenase
is present. However, there is a key difference between these
strains, the inability of A. oryzae LMG 9096T to perform
dissimilatory perchlorate reduction.
Details of electron donor and acceptor usage of strain GR-1
are available in Table 1. Supplementary Fig. S2 depicts an
electron micrograph of cells of strain GR-1. The cells possess
a single polar flagellum and are rod-shaped with dimen-
sions of 1?8±0?260?60±0?05 mm. The micrograph reveals
electron-transparent globules that vary in size and number
among cells. These globules possibly contain poly-b-hydro-
xybutyrate or other kinds of poly-b-hydroxyalkanoates
(Thalen et al., 1999). We also found strain GR-1 to have
fimbriae, by which it can presumably attach itself to surfaces
(data not shown).
Strain MA-1T
Strain MA-1T showed 99?9 and 97?6% 16S rRNA gene
sequence similarity to Dechloromonas sp. strain SIUL and
Dechloromonas agitata DSM 13637T, respectively. The 16S
rRNA gene sequence similarity between strain MA-1T and
Ferribacterium limneticum CdA-1T was 97?5%. Unfor-
tunately, this strain is not available in culture collections
and therefore could not be included in further studies.
DNA–DNA hybridization between Dechloromonas agitata
DSM 13637T and strain MA-1T showed only 37%
relatedness, indicating that strain MA-1T represents a
distinct species. The G+C content for strain MA-1T is
63?6 mol%, which is similar to that of Dechloromonas
agitata (63?6 mol%). Based on the 16S rRNA gene sequence
data, strain MA-1T resides in the Dechloromonas group
(Achenbach et al., 2001), which also contains the genera
Rhodocyclus and Ferribacterium. However, representatives
of the latter two genera are not capable of chlorate reduc-
tion nor do they dismutate chlorite to chloride and O2.
Moreover, F. limneticum is capable of Fe(III) reduction.
Strain MA-1T was not able to grow by Fe(III) reduction,
similar to other chlorate-reducing bacteria (Coates et al.,
1999). It has already been concluded that F. limneticum
is indeed a member of a separate genus distinct from
Dechloromonas (Achenbach et al., 2001). Taken together,
these data imply that strain MA-1T should be classified as a
separate species within the genus Dechloromonas, and we
propose the name Dechloromonas hortensis sp. nov.
Strain MA-1T was unable to grow in anoxic medium
reduced with sulfide, which indicated that sulfide cannot
serve as an alternative electron donor, as was described
for Dechloromonas agitata DSM 13637T (Achenbach et al.,
2001). Results of the physiological characterization are given
in the species description. The results of a physiological
comparison of the three strains described above are avail-
able in Table 2. Optimal growth of strain MA-1T was
Table 2. Characteristics of strain MA-1T, Ferribacterium limneticum CdA-1T and Dechloromonas agitata DSM 13637T
For strain MA-1T, tests were performed in this study by measuring the electron acceptor concentration by HPLC. Data for F. limneticum
were taken from Cummings et al. (1999) and those for Dechloromonas agitata were taken from Achenbach et al. (2001).
Characteristic Strain MA-1T F. limneticum CdA-1T Dechloromonas agitata DSM 13637T
Electron donors Acetate, propionate Acetate, formate, lactate, benzoate Acetate, propionate, butyrate, lactate, succinate,
fumarate, malate, Fe2+
Electron acceptors ClO{4 , ClO
{
3 , O2, NO
{
3 Fe
3+, NO{3 , fumarate ClO
{
4 , ClO
{
3 , O2
Source Garden soil Mining-impacted lake sediment Waste pulp, sludge from pulp and paper plant
Morphology Rod-shaped, single or
in flocs
Straight or slightly curved, rod-shaped,
single or chains of two to four cells
Straight or slightly curved, rod-shaped
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obtained at pH 7?2 and at a temperature of 30 uC. In cell
extracts, the specific activity of chlorate reductase was
3?12 U mg21, while the chlorite dismutase had a specific
activity of 155 U mg21. Strain MA-1T was isolated from
a garden soil with no known history of (per)chlorate
contamination. Gram-staining showed that strain MA-1T is
a Gram-negative bacterium.
Description of Dechloromonas hortensis
sp. nov.
Dechloromonas hortensis (hor.ten9sis. L. fem. adj. hortensis
belonging to the garden).
Gram-negative, facultatively anaerobic, motile bacterium.
Colonies on (aerobic) nutrient agar plates are circular and
have a yellow colour. In anoxic medium, which is not
reduced with sulfide, optimal growth is obtained at pH 7?2
and at a temperature of 30 uC. Growth occurs with acetate
and propionate as electron donors. No growth is found
with citrate, gluconate, glucose, mannitol, maltose, starch,
ethanol, methanol or sulfide. Perchlorate, chlorate, nitrate
and oxygen are used as electron acceptors. Cell extract
contains perchlorate, chlorate, nitrate and bromate reduc-
tase activities. Chlorite is converted to chloride and oxygen.
The specific activity of the chlorite dismutase in cell extracts
is 155 U mg21. The species belongs to the ‘Betaproteo-
bacteria’. The 16S rRNA gene sequence is 99?9% similar to
that ofDechloromonas sp. strain SIUL. The highest similarity
to a species with a validly published name is 97?6%, to
Dechloromonas agitataDSM 13637T. DNA–DNA hybridiza-
tion between the type strain and Dechloromonas agitata
DSM 13637T shows 37% relatedness. The G+C content of
the type strain is 63?6 mol%.
The type strain, MA-1T (=DSM 15637T=ATCC BAA-
776T), was obtained from a garden soil.
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